Proton exchange membrane (PEM) fuel cell engine has many advantages, including high energy density, high efficiency, low operation temperature, and zero emissions, which is a promising application to electric vehicles. In this paper, a multi-layer prediction control strategy for air supply system of a full-power PEM fuel cell electric vehicle is proposed, and a mathematical model of PEMF fuel cell engine air supply system is established in MATLAB/Simulink environment. The control scheme of the proposed multi-layer prediction strategy is that the top-layer model prediction is used for predicting the driving condition (speed of the vehicle) to obtain the desired air mass flow rate, and the bottom-layer air flow model prediction control (MPC) can adopt the top-layer airflow demand to regulate the oxygen excess ratio of PEM fuel cell engine. The proposed control strategy can meet the needs of the fuel cell stack reaction of oxygen as well as prevent air starvation that might occur in PEM fuel cell electric vehicle during driving conditions variation.
Introduction
With the limited natural energy sources dwindling and benefitting from the advantages of high efficiency, low noise and zero emission, proton exchange membrane (PEM) fuel cell engines have a broad application prospects and have made substantial progress in the power system development and application for electric vehicles [1] [2] .
However, the performance of the PEM fuel cell engine is affected by the operation conditions that relate to balance-of-plant (BOP) composing of the air compressor, humidifier, cooler and other auxiliary devices. PEM fuel cell engine power is generated by reacting the fuel provided by the anode with the air provided by the cathode. As the main component of the PEM fuel cell system, an air compressor provides air for the reaction. If the air supply is less than the air quantity required by the PEM fuel cell, and the engine may suffer from the air starvation [3] , resulting in the decrease of the PEM fuel cell's lifetime. The membrane may be damaged in the serious case to stop the fuel cell. Therefore, the air flow control of supplying PEM fuel cell is required. Ou et al. in [4] set up a feedforward fuzzy-PID control for air flow regulation of PEM fuel cell system. Ref. [5] utilized a second order sliding mode control of the air-feed system for fuel cell. Han et al. proposed an adaptive control for robust air flow management in the automotive fuel cell engine [6] . But as a result of the proposed solutions, in view of the condition of severe changes, the air compressor may not meet the requirement of working condition on the probability of existential risk.
In this paper, to supply a full-powered PEM fuel cell engine applied to electric vehicles, an air compressor multi-layer predictive control strategy is proposed. The vehicle speed is predicted in the top-lay prediction to confirm the required airflow rate with a desired prediction horizon, and then the bottom-lay model predictive control (MPC) is used for regulating the oxygen excess ratio, by providing appropriate air flow under the changes in working conditions. The rest of the paper is arranged as follows: In Section 2, the PEM fuel cell system model is described. Section 3 develops the multi-layer prediction control strategy, including a top-layer air flow predictor and a bottom-layer air flow model prediction control. The conclusion is drawn in final Section 4.
PEM Fuel Cell System Modeling
In this study, the full-powered vehicle PEM fuel cell is with 90 KW, and the PEM fuel cell system model contains the stack voltage, the cathode flow, and the air compressor of BOP models. In this section, several subsystem models of PEM fuel cell system involving in multi-layer prediction strategy are introduced.
Output Characteristics
The output voltage of fuel cell is derived from the energy balance between chemical energy in the reactants and electrical energy. It is expressed as follows [7] . According to the output voltage and the stack current can calculate the output power P st of the ofuel cell, which provides the power needed for fuel cell vehicles to function properly:
where V st is the output voltage, which is a function of the current density, I st is the stack current. In the cathode, electrochemistry principles are used to calculate the rate of oxygen consumption in the PEM fuel cell reaction, and the flow is a function of the stack current [4] 22 ,,
where F is the Faraday number, 2 O M is the oxygen molar mass.
Oxygen Excess Ratio
The oxygen excess ratio 2 O λ is formulated by: 
Air Compressor Modeling
The nonlinear model is established according to the mechanism of the air compressor. The dynamic equation of supply manifold pressure is obtained from the energy conservation and ideal gas law [9] :
where P sm is the supply manifold pressure, R a is the gas constant, γ is the ratio of the specific heats of air, V sm is the supply manifold volume, T cp,out is the air compressor output temperature, W sm,out is the outlet mass flow of supply manifold. T sm is the supply manifold temperature. The air quality dynamic equation in the air supply manifold is [9] :
, sm cp sm out dm WW dt  (8) The dynamic characteristic equation describing the compressor speed is:
where ω cp is the compressor speed, Ј cp is the combined inertia of the compressor and the motor, τ cm is the compressor motor torque input, τ cp is the torque required to drive the compressor. The compressor motor torque is calculated by using:
where ŋ cm is the motor mechanical efficiency, k v , k t and R cm are the constants, U cm is the input voltage. 
Multi-layer Prediction Strategy
The multi-layer prediction control strategy consists of the top-layer air flow predictor and the bottom-layer Copyright © by ICEIV air flow MPC, and the flowchart of design the multilayer prediction control strategy for the PEM fuel cell system is shown in Figure 1 . The top-layer air flow predictor generates the vehicle driving speed to further obtain the airflow rate, and the bottom-layer air flow according to MPC regulates the oxygen excess ratio of the fuel cell.
Figure 1
Multi-layer prediction control scheme for the PEM fuel cell system
Top-layer Air Flow Prediction
The top-layer air flow predictor takes the real-time speed measured by the speed sensor as input, and predicts the speed sequence of the next five sampling time, through the vehicle dynamics equation. Then, the power required by the fuel cell at the corresponding moment can be obtained. The speed prediction adopts the exponential function prediction method and the prediction equation:
where i=1,2,...,5, V(k+i) is the predicted speed at time k+i, V(k) is the speed at time k, and β is the index coefficient.
According to the vehicle dynamics, the power required to be provided by the fuel cell can be expressed by equation (14)-(15):
where a(k+i) is the predicted acceleration at time k+i, P r (k+i) is the power the fuel cell required to provide, ŋ is the transmission efficiency.
In this study, Urban Dynamometer Driving Schedule (UDDS) driving condition is adopted, and the speed prediction is presented in Figure 2 .
Figure 2 Speed prediction based on the top-layer
The output power of the top-layer air flow predictor is used to obtain the corresponding reactor current based on the Section 2.1, which is regarded as a measured disturbance for the bottom-layer air flow regulation by MPC method.
Bottom-layer Air Flow According to MPC
Using the linearized air supply system model, the bottom-layer air flow prediction control is designed. For the controller design, in addition to considering the linear model, the internal parameters of the controller are set, such as the prediction horizon P, the control horizon M, and the sampling time T s and so on. To decrease the response time [10] , the sampling time is required to be short, here T s =1ms, and the prediction horizon is more than the control horizon, here determining P=15, M=3. Figure 3 . Finally, a custom designed current variation profile (see Figure 4 ) is used to further validate the efficacy of the proposed method. The results indicate that the oxygen excess ratio is well regulated, when the rapid change current is occurring, MPC can track the reference and avoid air starvation.
Conclusion
In this paper, a multi-layer prediction control strategy is used to predict and control the oxygen excess ratio of the air supply system for PEM fuel cell system applied to the electric vehicle. Based on the measured vehicle speed and air compressor output flow in real time, the multi-layer speed prediction and air flow control are proposed. From the air flow prediction and MPC regulation results, although the value of the speed predicted by the exponential function in this study is a little larger than the actual value as well as the system disturbance varies, the oxygen excess ratio is regulated at a desired state greater than 1, and the air starvation can be prevented, which may improve the service life of the PEM fuel cell system.
